Abstract. The main purpose of this study is to investigate the influence of soil p-y nonlinearity in soil-pile-structure kinematic and inertia interaction. Within this context, a beam on nonlinear Winkler foundation model is adopted based on the Boundary Element
INTRODUCTION
vii. Shear deformation effect and rotary inertia are taken into account on seismic pile-soilstructure interaction.
PROPOSED BEAM FORMULATION
Let us consider a cylindrical column-pile of length l (pile length L , pier length H ), diameter d , mass density p  , modulus of elasticity p E , shear modulus p G and Poisson's ratio p v , as this is presented in Fig.1 . The pile is embedded in a layered soil profile of Winkler type, materialized by a hybrid spring configuration. As proposed by Wang et al. [3] , the soil is separated into two zones, namely a near-field zone implemented by Kelvin-Voigt element ( el k , el c ) and a far-field one represented by hysteretic element ( nl k ). More specifically, the adopted hybrid model consists of a nonlinear spring connected in series to a dashpot-elastic spring parallel configuration. The free extremities of the configuration are excited by the free-field ( ff w , ff w  ) displacement and velocities time histories obtained at each depth from the free-field seismic response analysis ( Fig.1 ).
The column-pile is subjected to the combined action of arbitrarily distributed or concentrated time dependent transverse loading   is the angle of rotation due to bending of the cross-section with respect to its centroid. It is worth here noting that since the additional angle of rotation of the cross-section due to shear deformation is taken into account, the one due to bending is not equal to the derivative of the deflection (i.e. ' y w   ).
Adopting the strain-displacement relations of the three-dimensional elasticity for moderate displacements and small strains, employing the second Piola-Kirchhoff stress tensor, the governing differential equations and the boundary conditions of the examined problem are obtained based on Hamilton's principle [4] . Following this procedure, the governing equations for the problem at hand are written as
while the equilibrium of forces at the mid-node of the spring configuration results in an additional equation 
, ,
at the column-pile ends 0, x l  , together with the initial conditions
In eqns. (2), A is the cross section area, y I is the moment of inertia with respect to z-axis and z GA is its shear rigidity of the Timoshenko's beam theory where
 the shear correction factor and z a the shear deformation coefficient. This coefficient is evaluated using an energy approach [5] . Moreover, in eqns. (7)- (9) (4)- (6), N is the axial force, z V is the transversal force and y M is the bending moment at the ends of the column-pile accounting for the inertia forces induced from the mass of the superstructure. Finally, , ,
) are functions specified at the column-pile ends 0, x l  . Eqns. (4)-(6) describe the most general nonlinear boundary conditions associated with the problem at hand and can include elastic support or restraint. It is apparent that all types of the conventional boundary conditions (clamped, simply supported, free or guided edge) can be derived from these equations by specifying appropriately these functions (e.g. for a free edge it is 2 2 2 1
Moreover, a calibration methodology of the "spring" and "dashpot" coefficients of the examined hybrid spring configuration is proposed. The lateral soil reaction against a deflecting pile is expressed as the sum of a hysteretic elastic-perfectly plastic and a viscoplastic component, according to the lumped parameter model, as depicted in Fig. 1 . In this way, the frequency-dependent characteristics of the subgrade reaction are realistically captured through a series-parallel assembly of frequency-independent springs and dashpots. In the elastic regime and assuming a sufficiently under-damped response, the small-amplitude frequency-dependent "spring" and "dashpot" coefficients for the lateral soil reaction are approximated by:
in which  is the circular frequency. The parameters el k , el c and nl k are appropriately calibrated through an optimization procedure to match the stiffness and dashpot coefficients ( Fig. 2)  is a dimensionless frequency parameter defined as:
Having calibrated the stiffness x k and dashpot coefficient x c according to Eqns. (12) and (13), plastic behavior is then introduced by imposing a threshold value for the reaction force of spring nl k equal to the ultimate soil resistance per unit length of the pile ( ult p ) as determined by Matlock [7] and Reese et al [8] at near surface (top layer) and at greater depths (bottom layer), respectively. Obviously, when ult p is reached the arranged in-parallel spring and dashpot unit is deactivated and the radiation damping vanishes. 
Soil Response Analysis

NUMERICAL SOLUTION
According to the precedent analysis, the geometrically nonlinear soil-pile-structure kinematic and inertia seismic interaction of Timoshenko column-pile embedded in a layered nonlinear Winkler-type soil profile, undergoing moderate large deflections reduces in establishing the displacement components   , u x t ,   , w x t and   , y x t  having continuous derivatives up to the second order with respect to both space x and time t variables. These displacement components must satisfy the coupled governing differential equations (2), (3) inside the column-pile, the boundary conditions (4)-(6) at the pile ends 0, x l  and the initial conditions (7)- (9) . Application of the boundary element technique yields a system of nonlinear coupled differential-algebraic equations (DAE) of motion, which can be solved iteratively using any efficient direct time integration scheme. In this study, the Petzold-Gear method is used [9] after introducing new variables to reduce the order of the system [10] and obtain an equivalent system with a value of system index ind 1  [10].
MODEL VERIFICATION AND INTERPRETATION OF RESULTS
Case study
A column-pile monolithically connected to the bridge deck is embedded in two layers of cohesive soil and excited by seismic motion. The concentrated mass at the centre of the deck is 60 . The column-pile is assumed to be linear elastic, while the idealized soil profile from the Agios Stefanos bay was used for the ground response analyses. A soft to medium normally consolidated clay sets on top of a stiff clay. The bedrock is assumed at 50m depth. The soft clay has a thickness of 18m and a plasticity index  
PI % 35
 . The second layer is 32m thick and has constant undrained shear strength of 100kPa . The maximum shear modulus was calculated by the empirical equations of Seed and Idriss [11] .
The influence of shaking on the seismic response is investigated by selecting three well known acceleration records as seismic excitations: i) the record from Aegion earthquake (1995) ii) the record from Lefkada earthquake (2003) iii) the JMA record from Kobe earthquake (1995) The first two records were chosen as two strong motions of the seismic environment of Greece, with one and many cycles, respectively. JMA record is used to investigate the dynamic response of the soil-pile-structure system to a quite unfavorable incident. All the records were first scaled to a Peak Grand Acceleration (PGA) of 0.5g and 0.8g at the ground surface. Then, through deconvolution analyses conducted with SHAKE91 [12] , the bedrock motion as well as the motion at various depths along the pile were estimated.
Both elastic and inelastic soil response are investigated. For the elastic soil response, the proposed beam model is verified against a Beam-FE solution and a refined 3-D continuum FE approach. For the inelastic soil response, the proposed model is verified only against the Beam-FE solution due to the fact that soil response in the 3-D continuum FEM strongly depends on the adopted soil constitutive model
Additional numerical models
The response of the soil-pile-structure system is investigated further with two different methods; namely a simplified Beam-FE model employing the OpenSees code [1] , and a rigorous fully 3-D continuum FE scheme materialized in the ABAQUS [2] code.
In the first model a beam supported in discrete springs is used to model the lateral static and dynamic response of a pile. For seismic loadings, free-field soil response is calculated separately from site response analysis [12] and the obtained displacement time histories are applied to the ends of the soil springs.
In the fully 3-D model the calculations of the site response and the soil-pile-structure interaction are performed in a fully coupled manner with the Finite Element Code ABAQUS [2] . The pile-column and the soil behavior are assumed to be elastic, while P-δ effects (linearized 2 nd order analysis) are also taken into account. The soil is modeled with 8-node brick elements. The free-field boundaries were investigated by two different types of boundaries; namely 3 dashpots on each node on the boundaries and alternatively appropriate kinematic constraints i.e. Multi-Point Constrains (MPC) boundaries. The comparison of the acceleration, displacement and rotation time histories at the deck level of the 3-D FE model with the both the boundary types provide identical results. Hence, the MPC boundaries were selected for all of the analyses conducted.
Results and comparison
The numerical results have been obtained using a set of 6 excitation motions. More specifically, in Tables 1, 2 and 3 the extreme values of the bending moment along with their location are presented for different cases of analysis for all the excitation motions. Both the results from the elastic and the inelastic soil response are illustrated. From these figures and tables it is concluded that the proposed geometrically nonlinear formulation captures accurately the calculated response according to the other methods of analysis used, while all the models predict similar shapes of the moment distribution and the increase of the bending moment at the interface of the two soil layers. The models also predict the same depth of the maximum bending moment as well as the shift of the maximum bending moment at a higher depth as the peak ground acceleration increases for the case of the inelastic soil response. 
CONCLUSIONS
In this study, the accuracy of an advanced beam model for the soil-pile-structure kinematic and inertia interaction is investigated and the influence of soil p-y nonlinearity is verified. The main conclusions that can be drawn from this investigation are:  The proposed model takes into account both kinematic and inertia interaction to the geometrical nonlinear dynamic response of a column-pile embedded in a layered soil profile.  The soil p-y nonlinearity strongly influences the system response.  The proposed formulation captures accurately the response of the 3-D solid model accounting for P-δ effects.  The proposed model obtains accurate results with minimum computational time required, providing a simple and efficient tool in comparison to fully three dimensional analysis.  A calibration methodology of the "spring" and "dashpot" coefficients of the examined hybrid spring configuration is proposed.  The discrepancy between the results of the geometrically linear and the nonlinear analyses is significant especially in the case of an elastic soil behavior. Table 3 . Maximum values of the bending moment for elastic soil el M and inelastic soil pl M in MPa and their location ( m ) from the ground level, for the Aegion (1995) excitation motion.
